− e − → − − ( = µ, τ ) is calculated in models with heavy Majorana neutrinos mediating lepton number violating amplitudes at the loop level. The contributing fourpoint functions are evaluated exactly (numerically) taking into account the full propagator dependence on external momenta, thereby extending to the energy range of interest for the next linear colliders an earlier approximate low energy calculation. The amplitude shows a non-decoupling behavior relative to the heavy Majorana neutrino masses, but due to the stringent bounds on heavy-light mixing the signal cross section attains observable values only for the less constrained τ signal. The cross section induced by lepton number violation in the SU (2)L doublet sneutrino sector of supersymmetric extensions of the standard model is constrained by the upper limits on neutrino masses and probably too tiny to be observable.
The process e − e − → − − ( = µ, τ ), which violates the L e and L lepton numbers, is forbidden in the standard model (SM) due to exact lepton number conservation to all orders of perturbation theory. Its observation at a next generation linear collider with center of mass energy √ s = 500, 800, 1000 GeV may be possible only if there is new physics that can trigger it. The signature is clear and practically free from SM background. In the literature it was studied: (i) in the context of models with gauge bileptons [1] , where the final state is reached through tree level s-channel annihilation into a gauge bilepton and subsequent decay; (ii) in the context of mixing models where the reaction proceeds through a loop (box diagram) with heavy Majorana neutrinos and W − gauge bosons as virtual particles running in the loop [2] , and (iii) in supersymmetric scenarios where sneutrinos and charginos instead of neutrinos and charged bosons are exchanged [3] .
The aim of this paper is (i) to improve and extend the calculation of [2] (which was essentially a low energy calculation) in order to provide predictions in the energy range of interest for the next linear collider project, motivated by the observation that all diagrams of the process, see Fig. 1a (ii) to make a realistic calculation for the sneutrino case: the cross section was estimated so far assuming eV scale sneutrinos [3] .
We assume that heavy Majorana neutrinos (mass eigenstates) couple to the standard model charged currents through heavy-light neutrino mixing. This is the simplest way to obtain lepton number violating processes. Consider the box diagrams depicted in Fig. 1a 
where = e, µ, τ and U Ni are the elements of the mixing matrix of the heavy mass eigenstates M Ni labeled by the index N i . Neglecting the masses of the external particles allows one to simplify the calculation of the amplitudes that can be expressed in terms of (i) the Mandelstam variables s, t and u; (ii) the spinor products of light-like momenta (see [5] and references therein)
which obey the relation:
and (iii) the scalar D 0 and the tensor rank-1 (D µ ) and rank-2 (D µν ) four-point functions [6] .
The corresponding amplitudes are found to be
−2(tG(s, t) + uG(s, u)) .
The numerical computation of the four-point functions was performed using the looptools software [7] , where the following notation is used as regards the expansion of the rank-1 and rank-2 tensor functions:
, k i being sums of external momenta running in the loop as explained in Fig. 1f . Within this notation the form factors G and V appearing in (3)-(6) are given by
Terms depending both on (s, t) and (s, u) appear because the identical fermions in the final state require proper antisymmetrization of the amplitudes. Defining x W = sin 2 θ W and
W , the differential cross section is easily found to be
where K is given by Fig. 1a-f . In a-d we show the Feynman diagrams, in the 't Hooft-Feynman gauge, contributing to e − e − → − − ( = µ, τ ) via heavy Majorana neutrinos. In e the corresponding SUSY diagram is given which arises in models with lepton number violation in the sneutrino sector. In f the choice of the running momentum is given. The momenta ki (i = 1, 2, 3) for the decomposition of the tensor integrals within the looptools notation are k1 = p1, k2 = p1 +p2, k3 = p1 +p2 −p3 = p4
To obtain the total signal cross section σ tot , (7) is integrated numerically over the scattering angle in the center of mass frame. As stated above, similar formulas were obtained in [2] using the approximation where all external momenta in the loops are neglected relative to the heavy masses of the gauge bosons and Majorana neutrinos, enabling one to carry out the loop integration analytically. The formulas thus obtained are well known in the literature [8] and the final cross section, which depends only on x i,j and the mixing coefficients, grows linearly with the center of mass energy squared, s. This approximation for the four-point functions is good at low energies, such as in decay processes of heavy mesons, or when √ s << M, M being the highest mass running in the loop. In addition the linear growth with s would break unitarity, therefore in order to make quantitative predictions with the correct high energy behavior, the four-point functions full dependence on the external momenta has to be considered. Theoretically, according to the "Cutkosky rule", one expects an enhancement at √ s 161 GeV 2M W , the threshold for on-shell W W gauge boson production, at which the fourpoint functions develop an imaginary part. In Fig. 2a the ratio R σ = σ tot /σ 0 of the integrated total cross section σ tot to σ 0 , the cross section of the low energy calculation
